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EFFECTIVENESS EVALUATION OF STOL TRANSPORT OPERATIONS

By Ellis F. Hitt, Juergen M. H. Bruckner,
Viucent J. Drago, Ronald A, Browm,
Fred G. Rea, Richard F. Porter

BATTELLE
Columbus Laboratories

SUMMARY

A short-takeoff and landing (STOL) systems simulation model has been
developed and implemented in a computer code (known as STOL OPS) which
permits evaluation of the operation of a STOL aircraft and its avionics
in a commercial airline operating environment, STOL OPS coacentrates
on the avionics ‘unctions of navigation, guidance, control, comminication,
hazard avoidanc>. and systems management. External world factors in-
fluencing the operation of the STOL aircraft include each airport and
its geometry, air traffic at each airport, air traffic coatrol equipment
and procedures, weather (including winds and visibility), and the flight
path | 2tween each airport served by the route.

‘the development of the STOL OPS program provides NASA a set of
computer programs which can be used for detailed analvsis of a STOL air-
craft and its avionics and permit establishment of system requirements
as a function of airline mission performance goals. While the principal
thrust of the effort reported herein was development of the STOL OPS
program, tentative results are presented for the California corridor
scenario used to check out the program.

Extensive exercise cases must be run for a wide variety of STOL
scenarios prior to specification of conclusive system criteria. The tens
tative results derived with the present version of the STOL OPS program
have indicated need {or additional experimental and modelling effort.
Substantial effort should be devoted to establishment and maintenance of
a dua*a bank for avionics subsystems.
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INTRODUCTION

The objective of this project was to develop and apply an overall
STOL syster.s simulation model to assist in developing the data base needed
to establish systems criteria and operational procedures for STOL trans-
port operations. The focus of the simulation effort was on avionics
functions such as navigation, guidance, control, and flight management
in an airline route operation. The multiplicity of applicable STOL sys-
tem concepts and the related functions, performance criteria, and speci-
fications preclude sole dependence on an experimental approach because of
the great number of points that would be required. Experiments wiii be
costly and must be used selectively in those areas or directions shown
by analysis and simulation to be the most promising. The present simu-
lation will permit the assessment of various STOL avionics configurations,
air traffic control equipment and standards, and operational procedures,
and assist in the identification of developmental alternatives which are
most suitable for their particular technological and operational application
in the existing nolitical and economic environment.

Material relevant to STOL transportation was carefully reviewed
to ascertain the parameters necessary to characterize the operational
environment and the interactions of the STOL aircraft with its environ-
ment. Previous success in the development of an avionics system simulation
model and a computer program that implemented this model (ref. 1) sugges-
ted to NASA that this previously developed avionics system simulation model
could be adapted to permit application to the STOL mission. The adaptation
involved removal of certain deterministic and stochastic system models and
development of others. These mathematical models, and the computer pre-
grams that implement them, permit evaluation of the mission performance of
a single STOL aircraft and its avionics in a realistic environment descrip-
tive of the mission being simulated.

The simulation tools have been deve.oped to permit detailed simulati-n
of the specific STOL aircraft of interest as it operates over a route net-
work typical of that expected for a commercial STOL operation. The inter-
action of that aircraft with the external world and the internal functions
required to fly that aircraft are simulated ‘- detail. The external world
factors include: each airport and its geometry; the operation of other
aircraft at each airport; air traffic control equipment, procedures, and
standards; weather, including visibility and winds; the flight path between
each airport served by the route; and other factors. Each of these external
world factors is described in detail in this report. Internal to the air-
craft being simulated in detail are the avionics system functions of navi-
gation, guidance, control, communications, hazard aveidance, and systems
management. In addition, the details of factors necessary for flight of
the aircraft including inflight procedures and ground servicing procedures
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are simulated.

The development of the STOL Operations (STOL OPS) computer program
provides NASA a set of computer programs which can be used for detailed
analysis of a STOL aircraft and its avionics and permit establishment
of system requirements as a function of airline mission performance goals.
While the princinal thrust of the effort reported herein was developrent
of the STOL CPS program, tentative results are presented 'or the scenario
used to check out the program. Extensive exercise cases rust be run for
a wide variety of STOL scenarios prior to specificat on . conclusive
system criteria. The tentative results derived with th. present version
oi the STOL OPS program have indicated need for additional experimental
and modelling effort. The present version of the progriars and hence the
results are a function of the study ground rules.

Study Ground Rules

The ground rules used for this study were mutually . zreed upon by
NASA Ames Research Center and Battelle, and are bised on associated NASA
studies and experience.

NASA Study Ground Rules.-The STOL aircraft to be simrlated is a 100
passenger externally blown flap vehicle designed for a 2,¢00 foot field
length (ref. 2).

The time frame and the initial definition of the operational environ-
ment to be considered should be 1980. The air traffic environment is fore-
cast for that time frame. Assumptions were made that only minimal airport
configuration changes from present day configurations soull occur before
1980, that the ATC radio navigation aids would be unchinged from their pre-
sent locations and performance, an? .nat the microwave landing system (MLS),
8C-117 Ccnfiguration G (ref. 3), would be operational ut cach of the -ir-
ports.

The scenario assumed for development of the simulation was service in
the California corridor. This service was assumed to be between San Jose

Municipal Airport (SJC), Sacramento Executive Airport (SAC., and Orange
County Airport (SNA) at Santa Ana.

Weather in 1980 was assumed to be similar to historical weather data
available for each of the sites under consideration.

ATC rules and procedures were assumed to be virtually idewn’ "cal to
present day standards. Also, it was assumed that area navigation (RNAV)
would be approved for operational usage.



Curreat airborre equipment requirements for Categories I and II
operation (ref. &) were assumed to apply. It was further assumed that
avionics and operating procedures covered by Federal Air Regulations,
Part 25 and art 121 (refs. 5 and 6) would still apply.
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Overall STOL OPS Concept and Computational llethods

METHODOLOGY DEVELOPMENT

The STOL Operations (STOL OPS) program developed in this study is
made up of a number of computer routines that implement various math-
ematical models necessary for the simulation of STOL transport opevations.
These models include deterministic models and stochastic system models.
The stochastic system models include both expected value models and

Monte Carlo mcdels.

Airport(s)
Aircraft
Avionics
Air Traffic
Weather
Flight Path
Schedule
ATC

Cruise /AT, XT at
— N, G, C fe——»] Terminal
Analysis Area
€ Monte
Carlo
Dispersion
S t
Others /jff::~,_.‘.
P————
FIGURE 1, STOL OPS ROUTINE FLOW DIAGRAM

A simple diagram illustrating the basic operations
of the STOL Operations (STOL OPS) computer program is depicted in Figure 1.

Mission
Effect-

i iveness

Report
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Input data describing the airports, the aircraft being simulated, its
avionics, the air traffic, the weather, the flight path flown, the air-
craft's operation schedule, and the air traffic control equipment, proced-
ures, and standards are processed to provide various reports. Some of
this processing is performed by intermediate programs such as the Air-
craft Navigation Guidance Control Analysis Program (ANGCAP). These inter-
mediate programs produce individual reports as well as preprocessed data
utilized in the Monte Carlo simulation routine.

The mission effectiveness report depicted in Figure 1 is the prin-
cipal output of the STOL OPS Program. This report presents the results
of the evaluations of the STOL aircraft and its avionics and associated
operating procedures for the operational environment being simulated.
The effectiveness evaluation consists of the statistical results repre-
senting various mission performance measures, discussed in a later section
of this report, as processed by the logic implemented in the Monte Carlo
routines.

The advantage of the Monte Carlo meth.d is that it can readily handle
systems of large dimensions, which also involve complex decision logic.
The decision logic can be made to correspond with that involved in the actual
flighv of the aircraft. 1In addition, no linearizing assumptions are needed,
no sophisticated mathematics are required in formulating the analysis planned,
and the analogy between the computational algorithm and the physical event
being simulated is quite direct. The major disadvantage of the Monte Carlo
method is that the simulation of complex situations may be very costly in
computer time, especially if a high confidence level in the results is
desired for remote events.

Conceptually, the Monte Carlo method is straightforward when applied to
the type of simulation being considered in this study. All the conditions
that prevail on a mission or flight leg, or at least their appropricte des-
criptive statistical parameters, are known. Conceptually, the scenario is
divided into series of small steps of time. At the end of each step, an
assessment is made as to what stochastic event actually transpired during
the elemental time span. On the basis of what occurred, the decision
logic specifies the next course of action to be taken. This sequence of
steps is illustrated in Figure 2. The whole procedure is then repeated a
number of times. Results of each Monte Carlo run are binary events, i.e.,
either the event happened or did not happen. For example, in any given
Monte Carlo run, either the aircraft is dispatct. 1 or the flight is can-
celled. The probability of an event is given b the =atio n/N where N is
the number of Monte Carlo runs and n is the number of :imes the event occurred
in N trials. The number of runs, N, necessary to obtain a given accuracy
with a desired confidence level is a function that can be computed by inte-
grating the Gaussian distribution (ref. 7) if both n and N - n are greater
than the number 5 and N is greater than the number 30. Typji-al results for
a range of confidence levels and for a maximum allow.rle error of 5% of
n/N are shown in Figure 3.
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Number of Monte Carlo Runs

100,000 T T
L_N = Number of Montc Carlo
50,000 runs
’ n = Number of times an event|  _ ,,z”’/’
6. 00 occurs in N runs A >
2 0 —
, // A /
10,000
/
5,000
P
2,000 /%
1,000 e
P
_—‘/
100 6775 %50 0. 85 0.90 0.95

Confidence Level

FIGURL 3. NUMBER OF MONTE CARLO RUNS VERSUS
CONFIDENCE LEVEL WHERE THE MAXIMUM
ALLOWABLE DIFFERENCE BETWEEN THE
TRUE AND ESTIMATED PROBABRILITIES 1S
5 PERCENT OF /N



It can be seen from Figure 3 that it will usually require between
1,000 and 10,000 Monte Carlo runs to obtain reasonable accuracies at a
high confidence level (say greater thanm 90%). JTa a complex scenario.
the number of decision points in each Monte Carlo run may be of the orler
of 50 per flight leg. If the calculation associited with a decision point
are lengchy, then the computer cost involved with one simulation can be-
come quite significant. One obvious manner in which computational time
per Monte Carlo run can be reduced is to precalculate the P;j(d) and the
"additional computations'” mentioned in Figure 2. These precalculated
quantities are stored in a data bank and extracted at the appropriate
time during a Monte Carlo run. The main objection to performing exten-
sive calculations outside the Monte Carlo routine is that some of the
flexibility in handling scenario's and/or decision logic associated with
the avionics is lost. The alternatives allowed by the decision logic
must be somewhat restrictive to prevent the storage requirements of the
data bank utilized by the Monte Carlo routine from becoming ex~essive.

In addition, the computer time iuverlved in obtaining the precalculated
quantities could become so great as to defeat the usefulness of this
approach.

A more comprehensive description of the mathematical models and
computation methodology follows. Figure 4 has been developed as an aid
to the understanding of the interrelationships between the primary models.

Deterministic Mcdels.-The principal deterministic models are the air-
port and powered lift STOL perforwmance models. Each of these is briefly
described below.

Airport Model: The airport model allows a detailed simulation of
ground operations at any airport for which input data are provided. The
input data are contained in three arrays. The first array contains the
information that is needed to describe specific points of interest in the
airport, e.g., runway endpoint, turnoff points, navigatiorn aids locations,
etc. Each point is described by user designated point numcer, and X and
Y position. The X and Y position is relative to au ciigin at the control
tower with a positive X axis east, and the positive Y axis north. A
second array contains specific information for each runway, cuch as orien-
tation, length, width, and turnoff p-ints. The third array describes all
the taxi paths between a runway and terminal building area. The airport
model is made up of the following subroutines.

Landing: The landing routine is called at touchdown of the air-
craft. Input to this routine is a runway dcsignation, point of touchdown
and aircraft touchdown weight. A constant deceleration of 10 ft/sec is
used to calculate runway time an” distance required to slow down to the
trxi veloeity. Ounce it has been determined that the aircraft has reached
a safe turnoff velocity. the aircraft will turn off onto the nearest taxi-
way. The distance and time from touchdown to turnoff will be calculated.
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Taxi In: Based upon the turnoff that is chosen, the taxi-in routine
cdescribes the appropriate taxi path from data contained in the taxi array.
The aircraft is assumed to taxi in at a constant velocity. Conflicts
in intersections are not modelled.

Deplaning: The deplane routine calculates time consumed by pase
gsengere deplaning tne 2ircraft. Once the aircraft has reached the gate,
there 1s a set time delay to allow both the flight and ground crews
time to prepare for deplanement. It is assumed that the passengers deplane
at a constant rate while freling is under way. Since deplaning time is
less than fuel? .: ti..:, thi; routine has been omitted in the Monte Carlo.
If fueling is not required at each stop, this routine is needed.

Fuel: The fuel required is determined from the nominal flight path.
The time to refuel equals tke pounds of fuel loaded divided by the fueling
rate.

Boarding: The boarding routine calculates the time for passengers
to board. It is assumed that passengers beard in a 10-minnute mean time
with a 2-minute o distribution.

Cargo Load/Unload: The cargo load routine assumes a 10-minute mean
with a two minute 1o discribution. It is further assumed that cargo can
be loaded and unicaded during deplaning, fueling, and boarding. There-
fore, the time to unload and lcad the cargu is compared to the time of
these three events. If the load/unload time is greater thai these three
times and greater than the scheduled ground time, the additional time is
calculated and a delay is attributed to cargo loading/unloading.

Taxi Out: The desired takzoff runway is provided as input data in
the taxi-out routine and the appropriate taxi path to that runway is des-
cribed from data in the taxi array. The taxi-out time is calculated in
a manner similar to taxi-in time.

Takeoff: The takeoff routine calculates the time incurred during
the takeoff phase. This includes runway-occupancy time and delays due
to other traffic.

Detailed Description of Aivport Models: The details involved in
the development of equations comprising the airport models are contained
in Appendix A of this report.

Powered-Lift STOL Performance Model: A computer routine has been
deveioped to model the performance of the general class of powered-1lift
STOL transport aircraft. The input variables to this routine are:

11
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H, altitude as a function of time
V, true airspeed as a function of tine
W, weight

PHI, maximum bank angle

IF, an integer which denotes one . three possible flap
deflections

GAM, flight path angle with respect to air mass (if appro-
prisce)

VWDOT, head-on component of wind gradient

MI, an integer which identifies the desired operating mode.

The fligh* =~od: indicator, MI, has eight possible values and
specifies ou . quantities to be compute’ as shown in Table I.

Any segr - . f a desired flight profile can be computed by selecting
the appropriace tlight mode. The following paragraphs describe the mamner
in which each flight mode can be used.

If M=1 is selected, maximum thrust is determined frcm stored data
ag a function of Mach .umber and altitude and used to accelerate the
aircraft along the selected flight path angle. MI=4 is similar, except
that minimum thrust is implied.

If ¥=2 or 3 is selected, maximum available thrust is used while _ae
ecuivelent airspeed (EAS) or Mach number, respectively, is held constant.
The use of MI=5 or 6 is similar except that minimum thrust is employed.

Setting MI=7 or 8 implies flight at constant equivalent airspeed
or Mach number, respectively, at a specified flight path angl'e (which can
be zero for level cruise). The appropriate rhrust setting is determined
internally in the routine. If the desired path angle is beyond the per-
formance capability of the aircraft, the specified flight path angle is
disregarded and maximum performance is computed.

The flap configuration is determined by the value of the flap
deflection integer, IF. Values of 0, 1 and 2 denote flaps up, takeoff
flaps, and landing flaps, respectively. Takeoff flap settings are changed
at 150 knots indicated airspeed. On approach, takeoff flap settings are
used from 150 knots to V_ ... ... at which time landing flap settings are
used. For either of the Ygtter two, the use of MI=7 or 8 requires an
iteration on angle of attack and engine thrust to satisfy the lift co-
efficient and net axial force requirements for equilibrium. This iter-
ation is automatically performed internally in the routine.

12

- e



o o s

TABLE 1. COMPUTED AIRCRAFT PERFORMA\NCE PARAMETERS AS
A FUNCTION OF FLIGHI MODE INDICATOR

L LT

e e

Specified Computed
Max Min Constant Constant
GAM Thrust Thrust EAS Mach. No. VDOT WDOT GAM
X X X X
X X X X
X X X X
X X X X
X X ' X X
X X X X
X X X
X X X

13



Figure 5 illustrates climb profiles computed with this routine for
the McDonnell Douglas 100 passenger, 2000 feet field length, EBF airplane
for two initial weights. For these sample calculations, the aircraft
subroutine was used in conjunction with a standard integration routine.

Each time the aircraft performance routine is used. a check is made
to insurz that the required lift coefficient is within the capabilities
of the aircraft for the flap position selected.

Analytical approximations are used for all atmospheric data to sim-
ulate standard conditions. For the aircraft data, 16 tables are used, al-
though all of these are never required for any one selected operating mode
and flap position.

Detailed presentation of the mathematical models comprising the air-
craft performance routine are presented in Appendix B. This appendix lists
the input data, the equations and flow logic, and typical output of this
model. The powered-lift STOL performance model is used to generate the
nowinal flight path. The resulcs of this nominal are used to define the
norinal waypoints and flight cimes. The nominal flight times are computed
only once and then stored for use by the Monte Carlo routine. The Monte
tarlo routine then need only specify the segments over which the flight is
tc occur based upon the operating schedule and avionics availapility. The
nominal flight times for the segments are then immediately available to the
Meonte Carlo rotitine,

Expected Value Models.-The principal expected value models are the
aircraft navigation, guidance, and control variance analysis, reliability,
and maintainability models. Each of these are briefly described below.

Aircraft Navigpation, Guidance, and Control Variance Analysis Model:
Mathematical models have been derived to implement state estimation error
analysis techniques and guidance/control analysie methods discussed in
detail in Appendices C and D. The FORTRAN computer code implementing these
models is discussed in detail in Appendix E. This code is executable as a
separate program for datailed analysis studies. In addition to detailed
printout, thecode generates matrices for later access by the Monte Carlo
program. Thus, the aircraft navigation, guidance, and control analysis
code m2y be thcught of as a2 separale program or a preprocessor to minimize
execution time reguired in the large Monte Carlo code.

The user must suppiy data describing the Jocation of the grornd navi-
gaticn aids ard their performance as well as the flight path geometry of
the aircraft with respect to each of these navigation stations. In addition,

14
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the user must define the avionics equipment utilized for each of the func-
tions, subfuactions, and modes. The navigation guidance and control system
configuration assumed in the error analysis code has been structured to

be general to permit investigation of a variety of subfunctions and modes.
No distinction is made in the code between automatic and manual command
generation or state estimation. It is assumed that state estimation is
performed by receiving periodic position updates, Between updates, v
sition is estimated by extrapolating from the last position estimate

using an estimate of the aircraft's velocity. The model is similar to

that developed by Bryson in ref. 8.

The error sources considered are time correlated velocity estimation
errors, time correlated altimeter error, and pure bias and white noise
for each of the range and bearing readings from up to two VOR/DME stations.
While the data bank has a capacity for storing information on a large
number of VOR/DME stations, it is assumed that, at most only two stations
are used simultaneously during any portion of the flight. The basic sys-
tem models are developed as discussed in ref. 8 and resulting variance
equations are propagated as discussed in decail in Appendices C and D.
While ref. 8 emphasizes air data as a means of performing velocity esti-
mation, inertial systems could provide this information,

If an inertial system is to considered, only the data values need .o
be changed. This neglects some effects unique to inertial systems, such
as the Schuler period*. Since updating occurs relatively rapidly com-
pared with the Schuler period of 84 minutes, the effect of neglecting the
Schuler period will be negligible.

Both the measurement and updating models are completely geueral so
that alternative measurement schemes ma- se studied. For example, consider
using raage (p) only information from two statioms (P,p). In this cace,
there would only be two measurements to precess. Also, discrepancies be-
tween true and model measurement matrices may be included.

The update routine provides the capability of alternative methods
of computing the gain. For example, if a Kalman filter is not included, a
simple least-squares method might be used to compute the gains. Also, an
arbitrary position fix might be used; then the measurement information
would completely replace previocus position estimation. The option is also
provided to vary the frequency c¢f the updates at times specified by the
user.

*Period of a pendulum whose natural frequency is equivalent to that of
a physizal pendulum whose length is equal to the radius (R) of the
Earth, T = 20/R73 = 84 minutes.
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While the analysis of 2 Kaluan filtered system required iacluding
bias errors of states, the Monte Carlo simulation of the flighc of the
aircraft usi-g the state estimatiun scheme requires far fewer states.
Thus, covarionces which are a -abset »f the total 8 by 18 covariance
of the navigation analysis prog-im are stored and used orce during the
approach/landing phase in conjun:.ion with the random number generator
to generwte position and velociity .rrors over random sample aircraft
flight in the Monte Carlo prosgrzm.

The aircraft navigation, guiidace, and control varviance analysis
prcgram (ANGCAP) provides a wetl :d of detailed investigation of state
estimation using periodic updates from a wide range of measurements and
utilizing a wide range of methods of computing update gains. This analv-
sis detail docs not increase execution time of the Monte Carlv analysis
program, yet the capability is provided for performing Morte Carlo 2naly
sis of any of the analyzed state estimation schemes.

The aircraft state covariance at the end of each flight is cata-
logued in a master file for use in the plotting routine. The covariance
matrix is available for each sutfunction and mode and consists of the
cross track position deviation, the altitude deviation, and the alcag-
track time deviation specified in terms of early or late arrival at the
end of the flight segment period.

A plot of the covariance of thL: navigation errors and aircraft
deviation can also be provided over any route segment. In this mauner, if
an analysis of the en route navigation system (consisting of the on-board
avionics, desired flight path, and the available airborne and ground navi-
gation aids) is desired, only this portion of the program need be run.

Examples of the output of this program and =lots availabie {rom the
prcgram are presented in a later section of this report.

Reliability Model: The operational -tatus of the STOL aircraft
and its avionics is obtained in the simuiation by computing the probability
of fai.iure at several points in time. An exponential failure model is as-
sumed so that the probability of failure in time At is given by

_ -At /MIBF
Pfail(At) = l-e (1)
where MIBF = mean time between failure.

17
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During a Monte Carlo execution, the reliability model determines (by
a random sample from the reliability distribution) the time of the failure
for each of the components of interest. If the simulated time is less
than the component failure time, the Monte Carlo routine proceeds with
the component active. When the simulated time is equal to the component
failure time, a flag is set in "he Mante Carlo routine to make the com-
ponent fail. When a failure is detected, the system functions are searched
to determine the effect of the failure. The flight then continues normslly,
reverts to a back-up mode of operation, or in the event of a failure of a
critical subsystem, performs an unscheduled landing.

Maintainability Model: Airline operation normally assumes a mainten-
ance policy involving replace~.at -~ & line replaceable unit, rather than
repair of an avionics black box on the aircraft. One way to model equip-
ment replicement would be to specify a mean time to replace (MITR) para-
meter and use «n exponent! " probability distribution to obtain random
replacerent times. This is the technique used to model fajlures, and has
been found to be an adequate model for most failure phenomena. However,
the exponential model has two serious inadequacies with respect to replace-
ment times:

(1) Unrealistically small and large times can occur since the
exponential distribution is defined fromt = 0 to t = in-
finity.

(2) Repair time cannot be concentrated about some mean value
as would be the case for gimply replacing an avionics
"black box" that is known to have failed.

A probability distribution that overcomes the above limitations is the
beta distribution. The beta probability density function is given by

1 T(ym [t-to ]y-l -t 971
t

t,-t
f(t;styt;t)= N ~ ’—'l:"" , t < t<L t
o’ 1 ty t, T(Y)T(T) 1 to Loty-t o 1 (2)
=0, t < to or t > t1 ’
where I'(or) is the gamma function )
-1 -%
I'(a) = J"’ X e dx . (3
o
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Figure 6 shows the beta density function on the range t = 10 minutes to

= 20 minutes with a mean time of 15 minutes. The exponentlal distribu-
t}on with MITR = 15 minutes is also shown for comparison. The mean and
variance of the beta distribution are

_ Yt1°nto
S v “
ny
% = 2 (e-e )7, (5)
(THY) ™ (Ty+1) °

For the case 1 = y as shown in Figure 6, Equations (4) and (5) are

t=1/2 (tl-to) (6)
1

2 2

T LT A N M

2
For convenience, let O be given by

0'2= -
t P

2
- (ty-t) (8)

where Pg = peaking factor, a measure of the coucentration of
repair time about the mean time, t.

Note from Figure 6 that for M/Ay=1, a uniform density results, and thus

t = 1/2(t, - t)

and

Pf = 12

would represent a uniform density functiom.

19




SNOLIIONN ALISNIQ ALITIEVHOYd
IVIIKANOAXE OGNV v1d€ JO NOSINVAWOD "9 F¥adI1d

ujw ‘amyy
174
0z Sl
| . A c..n M 0
\w\ o
/4
ﬂl? N 7 ooﬂ
1=l , E«ﬂ\“‘ﬂ -
~4s°1
-40°2
ceA
g=lL - ¢z
-{0°¢
(3)3
b P -~

o
o s e b ————c—]

Bt s,

20

3



w————— ——oi, —— or——,
.

—

To completely define the beta density function, one must specify
the four parameters:

rr
1

expected repair time

rr
]

minimumlrepair time

tl = maximum repair time

o
]

peaking factor time.

The parameters T and y in the beta function are then given by

: 1 t,-t 2

=52 <: tl-t :>‘{(t1")(t'to)ct} @)
t 1 o
E-to

veg 1 (10)

Although the repair model defined above places an additional burden on the
user in specifying the required parameters, it is believed that the in-
creased flexibility obtained from the beta distribution justifies that
burden.

In order to use the program, it is necessary that the required data;
1’ to, t, and PF for the STOL subsystems be provided.

Monte Carlo Model. - The Monte Carlo model basically.implements for
each phase of a routine flight the specific logic and decisions that are
made during that phase of the flight. A computer implementation of the
model samples the probablistic event specified between the decision points
of the scenario a large number of times.

t

The use of the Monte Carlo routine may be best described by example.
The routine examines the schedule to determine the next flight segment,
Based upon the system availability from the reliability model of the re-
quired dispatch items, tle aircraft departure time is computed. (The
particular route leg flown is based upon the specified way poinis to the
next airport.,) Once a leg is chosen, the nominal flight time is obtained
from the table generated by the aircraft performance model. The sample
deviations from the nominal (cross track position, altitude, and time)
are obtained from the master file of distributions described by the co-
variance maxtrix for that segment and navigation mode.
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In the terminal area, the weather categories and avionic systems avail-
ability determine the capability to land or whether diversion to a dif-
ferent airport is required. If a landing can be accomplished, the aircraft
performance model provides A nomiral time to final approach while the air-
craft navigation-guidance-control analysis program statistics and traffic
statistics provide the time deviations from the nominal period. During
the final approach, the aircraft performance model provides the nominal
time and position for touchdown while the deviation from nominal provides
statistics on whether a missed approach was required or the landing was
successfully accouplished. The airport model provides nominal time and
deviations at gate arrival, and prepares for the next departure.

The output of the Monte Carlo routine is a mission effectiveness
report. The details of this output are provided in a later section of
this report.

Definition of Operational Euvironment

While the set of mathematical models that descrihe the operational
environment are completely general, the input data describing the operation-
al environment should normally be referenced to some time frame. For the
purposes of program check out, NASA directed that operational environment
data represent 1980. The primary factors considered in defining the
operational environment are the:

(1) City pairs served

(2) Airports used

(3) Aircraft used

(4) Air traffic mix and densi*y fir each airport
(5) ATC equipment, procedures, and standards

(6) Weather .

A discussion of each of these follows.

Route Network Connecting City Pairs Served.-The simulatioun can be
applied to nearly any route network. NASA-ames decided that the operational
environment to be used for purposes of demonstrating the program should be
the California ¢ orridor. The initial simulation considers service between
San Jose, Sacramento, and Santa Ana. It was agreed that this service would
utilize San Jose Municipal airport (SJC), Sacramento Executive airport (SAC),
and Orange County airport (SNA). Figures 7, 8 and 9 are coples of FAA Form
5010-1 for each of these airports. Figures 10, 11, and 12 are copies of
the present form of the input data for each of these airports respectively.
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1, Al bulldin~e not marked are hangare.
. ALl taxivays not lighted have
reflectors installed,

3+ ALl taxivays are 50' wide, amph,

by ALl rosds and ratlroais spproximatelyl
the samxe elevation as the runvays.

$s Wind Cone and Tetrahedreon are
iighted,

6, Residentisl areas swTound the
atrport,

7. All aprons have agph srfecing,

8. Ruu.ay Markiogs: 2-20"Instrument”
16-3< and 1230 “Basfc”,

9, PNWT 2-20 hes high intensity mrstuy
1ignts, RWYS 16~3¢ and 1230 have
mcus inteanaity mmray lights.
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It was assumed that the route network would be flown clockwise with the
earliest flight scheduled for departure at 7:00 a.m. with operations
ceasing at 11:30 p.m. The flight path between individual airports is a
function of the performance of the aivcraft whose flight is being simu-
lated and the navigation, guidance and control equipment and procedures
being utilized. - Careful consideration is given to ATC rules describing
air space utilization and speed and altitude relationships in generating
the flight path between airports. The flight between two airports is
considered to be one leg of the route network. The flight path is defined
in terms of way points which are referenced to ground navigation aids in
terms of range, bearing, altitude, and aircraft velocity. These way
points are extracted from the output of the powered lift STOL performance
model, Each leg of the route network is made up of six flight phases.

Phases of Flight: The six phases of flight considered to make up
one leg of the route network are:

(1) Preflight
(2) Taxi out
(3) Takeoff/climb

(&) Cruise
(5) Approach/land
(6) Taxi in

The preflight phase is considered to begin as soon as the aircraft
reaches the gate from the previous leg. During the preflight phase ground
servicing, maintenance, and flight plan filing and approval are accomplished.
In addition, the aircraft systems are checked out prior to entering the next
flight phase.

The taxi-out flight phase begins when the aircraft departs the gate.
During this phase of the flight all internal system functions, including
systems management, communication, navigation, guidance, control, and
hazard avoidance, are conducted. External environment factors influencing
the operation of the aircraft include the airport's geometry, movement of
other aircraft, weather and ATC equipment and operating procedures.

The takeoff phase is considered tc be complete when the aircraft is
airborne and reaches a specified altitude determined by input data. Fig-
ure 13 depicts this flight phase and the two previous flight phases.

The cruise phase flight begins when the aircraft completes its climb
to cruise altitude. The cruise altitude is a function of the length of the
flight leg between two airports, the aircraft's performance, and ATC
instrument flight rules (IFR). During cruise, the aircraft performs internal
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functions of systems management, navigation, guidance, control, communi-
cations, and hazard avoidance., The external environment influencing the
operation of the aircraft includes the routes to the destination airport
and the alternate airport, ATC equipment and flight rules, weather, and
other aircraft. The actual flight path flown on any leg is selec:ed by
the user subject to the constraints of aircraft performance and ATC rules.

If RNAV equipment is available it is theoretically possible to fly
a great circle route between two airports. In reality, if RNAV is assumed,
the aircraft should fly the cruise phase using an RNAV route designed in
accordance with the suggestions of the Airline Area Navigation Subcommittee
(ref. 9). 1t is also possible to fly a non-RNAV route by utilizing con-
ventional VOR/DME navigation and flying radials between VORTAC's. The
actual cruise flight path is subject to user selection of data.

For proper operation of the navigation, guidance and control an~lj-
sis program, it is necessary to define a waypoint at each heading, alti-
tude, or aircraft velocity change. It is also necessary to define a way-
point at each change from one navigation aid to another navigation aid.
Further details concernirg the definition of the waypoints and the resulting
flight path are given in Appendices E and B. Figure 14 depicts a typical
cruise phase flight path in the horizontal plane.

The approach and landing phase begins at initiating of descent from
cruise altitude to the approach altitude. The location of the waypoint
which defines initiation of descent is a function of the cruise altitude,
the approach altitude, and the aircraft's performance as well as ATC rules
governing the speed as a function of altitude. The descent may be phased
with an intermediate altitude between the cruise altitude and approach
altitude. It is possible that a delay balancing fix waypoint (ref. 9)
will be defined which requires holding due to air traffic delay. It is
assumed that the aircraft always flys over an initial approach, or feeder,
£ix in the terminal area. The altitude at that phase is a function of
the altitude of the planned glide slope intercept. The final approach
phase waypoint located on the extended runway centerline must be specified.
The location of this waypoint is a function of the desired altitude and
glide slope intercept, the glide slope selected, the aircraft's perfor-
mance, the weather, and the accuracy of the navigation, guidance and coun-
trol functions. Detailed discussion of the transiticen to final approach/
landing is included in Appendix E. Figure 15 depicts a typical approach/
landing flight path. Once the aircraft touches down it is considered to
have entered the final phase of the leg.

Taxi in is the sixth phase of a leg of flight between two airports.
During the taxi-in, the aircraft internal functions of systems management,
navigation, guidance, control, communicatiions, and hazard avoidance
are performed. External environment factors influencing the taxi of the
aircraft include the airport geometry and other surface traffic as depicted
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in Figure 16, The taxi~in phase is considered to have been completed when
the aircraft arrives at the gate. The preflight phase of the next leg
begins with aircraft arrival at the gate. Figure 17 depicts the previously
described mission profile for a single flight leg. This figure depicts the
possibility of diversion to an alternate field, an event possible due to
logs of an avionics function or weathe~ conditions being below the minima
the aircraft's avionics are certificated for during landing.

The route network involves flying each leg as described. The flight
path around the entire route network is represented by a number of way-
points as well as the schedule.

Schedule.-Figure 18 depicts the schedule for a closed route network,
with the aircraft departing San Jose Municipal at 7 a.m., landing at
Sacramento Executive at 7:30 a.m. and departing at 7:50 a.m., landing at
Santa Ana (Orange County) at 9 a.m., and departing at 9:30 a.m., with
landing at San Jose at 10:35. The waypoints which define the flight are
e sressed in terms of distance and bearing to various VOR/DME stations,
aititude, and air speed.

Figure 19 indicates a desired or nominal ground track for a radial
flight and the locations of the VOR/DME stations used. Note that this
is not a good flight track for an area navigation flight, since the flight
track passes over the VOR/DME stations in nearly all instances. If the
uge of RNAV or a Kalman filter is specified for the navigatiu: function,
mathematical models implemented in the aircraft navigat ion, guidance, and
control amalysis program prohibit use of an update from a particular siation
during the time the flight track is within 3,000 feet of that station,
The waypoints are not repeated if the same flight path is flown for each :
round trip around the route network. Figure 18 lists the schedule infor- ‘
mation for each round trip around the route network. For the schedule :
shown., four complete round trips would be flown during one day of operation.

Externally Blown Flap STOL Aircraft.-Figure 20 depicts the 100 pas- §

. senger externally blown flap aircraft designed for 2,000 foot field length.

This aircraft was selected by NASA Ames Research Center as the STOL trans-
port to be simulated. The aircraft is powered by Allison PD287-3 engines,
with a design cruise speed of Mach 0.7. The mission range is 500 nautical
miles with & STOL takeoff gross weight of a 142,600 pounds. Detail of

the simulation of the externally blown flap aircraft including description
of input data, processing, and cutput are presented in Appendix B.

Air Traffic Mix and Densitv.-In order to derive meaningful results,
input data are required giving the air traffic mix and density for each of
the city pairs making up the route network. As a minimum, this mix and
density should be broken into the scheduled operations as a function of the
time of day and the distribution of the unscheduled operations as a func-
tion of time of day. Further, the classes of the aircraft making up the
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scheduled and unscheduled operations is needed. In the model implemented

in the program, scheduled and unscheduled operations were combined by air-

craft type as a function of the time of day. Figures 21, 22, and 23 pre-

sent the results of a forecast for 1980, daily air traffic operations by

type and time of day for San Jose Municipal (SJC), for Sacramento Executive.

and Orange County, respectively. The development of these forecasts for

each of these airports is discussed in Appendix A. Since the results of

the forecast are input data, different forecasts can be used by merely :
changing the input data, !

Air Traffic Control.-The air traffic control system consists of
various navigatioo aids, flight rules and standards, and operational
procedures. Various documents (ref. 9, 10, 11 and 12) were reviewed to
assist in defining the ATC environment,

Air space utilization must be considered in construction of flight
paths to be used for the airports of interest. Nearlv all major city
pairs to be served by S10L will involve a terminal control area (TCA)
for at least omne city of the city pair. Terminal control areas are pre-
scribed in part 71 of the Federal Aviation Regulations (FAR). The pri-
mary limitation imposed by a terminal rontrol area is that speed of all
instrument flight rule (IFR) aircraft is restricted to less than 259 knots
telow 10,000 feet (ref. 11). The t.p of the TCA airspace is being expanded
to 12,500 feet for some terminal control areas. All aircraft are controlled
and separated by ATC in a terminal control area. The specific factor that
is considered in the definition of the terminal area air traffic control
environment is the separation criteria for aircraft in the terminal area.
This is restricted to the separation of consecutive aircraft along the
common path on final approach in the current ATC model in the program.
Various gtudies are being performed to determine what these criteria should
be. The results of these studies can be implemented by changing the input
data to that value from the present 3 nautical miles. Since the terminal
conivol radius and ceiling vary depending on the specific city, it is nec-
essary to have available the terminal control area charts for the cities
considered in the simulation. Currently, a terminal contrxcl area chart
for Los Angeles is being used and that for San Francisco is being obtained.
At present, Sacramento is not a terminal control area.

It can be assumed that the transition controller will properly route
the en route traffic to the approach controller sor the airport. The
terminal area separation criteria are a function of not only the specific
air traffic control procedures and equipment, but also a function of the
aircraft mix and density and specific aircraft characteristics as weil as
the airport characteristics. Since the model of the term’nal area environ-
ment allows variations in separation criteria in terms of distance and
time between consecutive aircraft movements over the same flight path, it
is necessary that data on the approach speed of all aircraft operating at
each airport be provided as input data. Typical approach speeds for the
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present jet aircraft are given in reference 12, These data were used co
group the aircraft into categories as a function of approach speed zs
discussed in the previous section of this report.

Figure 24 depicts the typical air traffic control functions in the
terminal area at each end of a typical flight leg.

En route airspace regulations are primarily related to choice of
flight altitude as a function of heading. For IFR operation, flight
altitude en route is to be at odd thousands of feet for headings of
0 to 180 degrees. Even thousands of feet of altitude are to be used
for headings from 180 degrees to 360 degrees. Area positive control (APC)
airspace regulation must be followed for all IFR flights above 10,000
feet on the West Coast between San Francisco and San Diego (ref. 11).

For operation within this area or any other positive control area, the
aircraft must be operated under IFR specified flight levels assigned by
ATC and equipped with instruments required for IFR operatioms.

It was assumed that the simulation should include the suggested
planning principles for RNAV if an RNAV route is assumed to be flown using
an RNAV equipned aircraft (ref. 9). RNAV route widths en route are as-
sumed to be 4 nautical miles. Since the output of the aircraft navigation,
guidance/control analysis program is used by the plotting code, the option
is available to plot the estimated and actual 30 deviations versus the 4
n.mi. route width. Since the route width is an input data parameter to
the plotting code, different route widths can be utilized.

Navigation Aids: As stated in the guidelines, it was assuuwed that
only existing en route navigation aids should be used. As previously
stated, the actual VOR/DME stations used depend upon the user selection
of the appropriate station as a function of the desired or nominal ground
track. Figure 25 is a listing of the VOR/DME stations with the numbers
corresponding to the nuwmbers plotted in Figure 19. These aids have been
entered into the program to permit use in the navigation, guidance and
control analysis program. These data were taken from references 14 ani
15.

As previously noted, a microwave landing system (MLS) was assumed
to be operational at each of the airports. The navigation, guidance
and control analvsis program models the microwave landing system in terms
of its azimuth, . evation, and coverage as well as the errors in each of
the measurements. In addition, the siting of the MLS configuration of
the airport can be changed by changing input data. This permits simu-
lation of a variety of MLS confi urations and permits trade-off of MLS
siting, common path length, and estimated and actual deviations as an
aircraft enters the teruinal area as discussed in further detail in i
Appendix E,
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Weather,-Sample copies of surface wind summaries were obtained from
the National Climatic Center at Asheville, North Carolina. Table 2 (a
copy of these data) presents the percentage frequency of wind direction
and speeds during the various years is indicated for the specific time
perivd shown. Similar surface wind information is available for all
hours by month and all months and all hours.

Table 3 presents & summary of ceiling versus visibility data for :he
same station, the same years, month, and time period. Data will be ex-
tracted for the appropriate time periods and used in the program to deter-
mire whether the ceiling and visibility permit VFR flight or require
acquisition of the MLS and specific avionics for a safe landing. These
data can also be acquired from the Natiowal Climatic Center.

Checkout of the program and the sample case runs, results of which
are presented in a later section of this report, were performed using the
sample data for all hours for the month of January.

En route winds are modeled as described in Appendix C. Data for the
en route wind statistics were extracted from ref. 8.

Mission Performance Measures

The measures of effectiveness used ir this study are the STOL Mis-
sion performance measures and STOL system function performance measures.
STOL mission performance measures could be specified a number of ways.

The performarce measures acceptatle to ore user of the information, which
will result from this and other studies, might be considered of little

value to other users. As a result, it is quite important that any mission
performance measures specified be meaningful to as many users as possible.
Before discussing the STOL mission performance measures formulated in this
study, it is necessary to discuss the categories of users of the information
and their information needs. In many cases, knowledge of these needs aided
in defining appropriate performance measures.

User Categories and Assumed Information Needs.-Users of this infor-
mation can be placed into either of two broad categories which shall be
defined as the (1) public and (2) private sectors. These categories can
be further subdivided ac~ording to the users' responsibility or viewpoint.

It is suggested that the public sector be subdivided as shown in
Table 4.
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TABLE 4. SUBCATEGORIES OF PUBLIC SECTOR

- Federal Government
Department of Transportation
Federal Aviation Administration
Civil Aeronautics Board
NASA
Department of Defense

State and Local Government
State Aviation Department
Local and Regional Planning Groups
City Government
Airport Authority

General Public

Pagsengers

At the Federal Government ievel, the Department of Transportation
(DOT) is assumed to be primarily concerned with the viability of STOL
compared with other modes of short haul transportation. If STOL is
viable, it is assumed that DOT would be concerned with the investment
required by the Federal Government to assist in implementirg commercial
STOL. Although this project is not directly concertied with estimating
the investment required to assist in jimplementing STOL, it is concerned
with identifying action which must tezke place, including technology develop-
ment, if STOL is to become viable.

The Federal Aviation Administration (FAA) can be asszumed to be con-
cerned with maximizing the number of passcnger movements with a specific
probability of safety within a given cost constraint. Since this sctudy
is not concerned with estimating capacity of airports but instead deter-
mining how capacity affects a flight of this S10L aircraft in terms of
avionics requirements, the type of capacity information of most use to
FAA will not be forthcoming. Analysis of capacity as affected by the
STOL aircraft could require modeling the movement of all aircraft using
that airport in great detail, an effort clearly beyond the scope of this
study. The cost constraint was not addressed in this study. FAA is
vitally interested in a determining investment required tc implement com-
mercial STOL with the advent of the Airport and Airways Development Act
of 1970. This investment would be a function of air routes, air traffic
control and navigational aids, and specific airport facility requirements.
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The Civil Aeronautics Board (CA3) is asuumed to be primarily concerned

with demand and indirectly, airlin. profitability. Having the power to
grant new routes or deny applications to & andou existing service, they
would require information that would assist them in making decisions which
hav> iirect impact on STOL viability.

NASA, whose primary role i{s advancement of technology, is primarily
concerned with knowing the technology developments required to make STOL
viable which includes economic goals., In addition, NASA requires infor-
mation related to the technology alternatives